Abstract-For the last years, automation is widely used to relieve humans from repetitive tasks, primarily and firstly within manufacturing. However, for products with less ideal (or hard to model) properties, and when forces depends on human interaction, automated testing has not been explored until now.
dummy. Hence, an important part of this study consists in simplifying the human movements in order that they can be performed with the described components and still adequately reproduces the interaction between the body and the seat.
In order to develop and validate this experimental test bench, the movements performed by passengers sitting on or standing up from the seat in an actual car have been firstly acquired. Therefore, a four-camera photogrammetry system and a pressure mat have been used. This paper also describes the procedures used to capture and reproduce the human body movements and their forces.
In this work, an ABB IRB140 industrial robot has been used, as well as a six degree of freedom JR3 industrial force sensor. For the development of this test bench, two control architectures have been used. The first one is based on a commercial ABB software so, it can be used for application development with any ABB industrial robot. The second control architecture proposed is an open architecture allowing access to the robot state variables, much more complex motion and/or force controllers can be implemented.
Index Terms-Automated testing, computer control, control applications, force control, human movement simulation.
I. INTRODUCTION

I
NDUSTRIAL controllers support development of automation programs that perform a sequence of movements repeatedly. Due to their versatility, robots comprise a quite flexible solution; apart from their internal sensors that are used for the control of each robot axis/joint, also external (user specific) sensors can be employed, but normally only on a sequencing level (to determine the next action).
While standard robot motions are position controlled only, force control permits flexible adaptation with respect to inaccuracies in work pieces or machinery. Force-controlled motions have been available in experimental systems for two decades, but industrial robot controllers have not provided force-control support until recently, and then packaged for manufacturing tasks. Such control can be applied for product testing too, in ideal cases when positions and forces are known from the product specifications.
In more demanding case, for instance, when motions should be carried out with both precision and variability in both position and force, there is a need for external sensing to cope with unmodeled geometrical variations, which for performance typically requires a more instant feedback than the normal user-level sensing permits. To that end, we have gained access to control interfaces that may be used for new types of control.
External sensors generally applied in robotics can be divided in two large groups: noncontact and contact sensors. A robotic vision system would be a prominent example of the former, while a force sensor would be one of the most extended and useful examples of the latter.
Force sensors provide information about force/torque interaction between robot and its environment. A wrist mounted sensor measures the resulting forces/torques between the manipulator and the end-effector. When that effector is in contact with the workpiece, suitable control strategies can accomplish force-controlled motions. Such force feedback can be determinant for many applications that imply manipulation of constrained objects, namely, mating and assembly tasks, where two or more parts must be manipulated ensuring a proper contact with each other [1] . Other examples are surface machining tasks such as milling, grinding, deburring or polishing.
In this paper, we investigate other industrial applications that can benefit from the robots' capability of performing complex movements with high accuracy, reliability, and controlled force. Specifically, the application is testing the durability of products that are subject to cyclic manipulation or contact with the human body, since human movement is usually complex and difficult to emulate with simpler machines. Testing wear patterns of vehicle seats due to the motions of ingress and egress is a particular application that has received attention and interest by the industry [18] , [33] , and patents by Hurite et al. [20] , O'Bannon and Stewart [25] ). Such tests are used to evaluate the durability and life cycle of seats, which is an important quality issue, and may be especially critical in vehicles that are subject to intensive use, like in public transportation.
Different approaches to modeling and reproducing car ingress and egress movement can be found in the literature. Studies oriented to durability tests have been traditionally limited to measure pressures on the seat, since that parameter is directly related to the mechanical action that causes the wear of the material. Thus, Stewart et al. [33] attempted qualitative, visual comparisons of the pressure maps, and Fritz et al. [18] made a quantitative analysis of peak pressures in five phases of the cycle. The pressures measured in those studies are differential normal forces, which is the mechanical effect of seating down and standing up easiest to measure. However, the actual cause of the textile erosion is the shear forces, so normal forces alone are just a limited approximation. Unfortunately, the direct measurement of shear forces is more difficult. Goosens et al. [16] invented a system with multiaxial load cells, and this technique is still used as a method to measure shear forces [7] , but the size of those devices is too large to gather precise shear maps, in contrast to pressure transducers.
Another approach to enhance the value of pressure measurements would consist in complementing them with a continuous model of the position of human buttocks and legs, so that the tangential component of their movement in the contact zone would determine the contact points and direction of shear forces, which would have an amplitude approximately proportional to the normal forces. The movement of body parts during car ingress and egress has been extensively studied with photogrammetry in ergonomic studies related to movement strategies of different parts of the body, or to vehicle design [38] , [13] , [15] , [22] , [23] . Some of those studies combined photogrammetry with the measurement of external forces on the car ground, in order to define dynamic models [8] , [10] , [12] . The study presented in this paper is a further step to these previous approaches. We combined the valuable information of pressure recordings with the advantages of photogrammetry to gather an accurate 3D model of human movements. Then, the profiles obtained for different subjects and repetitions were processed to define an average profile that could be used in the durability test. This step posed a challenging issue, since time-dependent profiles of different velocities and durations had to be compared. The solution to that problem that was used in this work, was normalizing the temporal patterns, as has been done for sit-to-stand exercises [26] .
In this paper, an experimental test bench is presented for the analysis of the mechanical response in car seats. It consists in a force control application in which the robot, by means of a dummy, must apply a controlled force on a car seat, simulating the movements of a human sitting on and standing up from the seat. An ABB IRB140 industrial robot has been used, which is equipped with an S4CPlus control unit, as well as a wrist mounted six degree-of-freedom (dof) industrial force sensor (JR3). This experiment is limited by the fact that normalized dummies used in tests are usually conceived to reproduce a sitting position and do not have the mobility of the human body. Furthermore, the motion reproduction with a six axes robot constrains the movements to the six dofs that can be performed with the dummy.
Hence, an important part of this study consists of simplifying the human movements such that they can be performed with the described components and still adequately reproduce the interaction between the body and the seat. An important aspect of this interaction is the force applied on the seat: the pressure distribution and its variation during the movement generate friction between the legs and the seat that can influence both the comfort and the wearing. Fig. 1 shows the general scheme used for the development of the experimental test bench.
This work is organized as follows. In Section II, the robot force control architecture is presented. Then, Section III deals with the process to obtain the ingress and egress human movements. Section IV presents the experimental test bench and some results of this application. Finally, in Section V, experiences and conclusions are presented.
II. FORCE CONTROL ARCHITECTURE WITH INDUSTRIAL ROBOTS
Viewing robotics research from a control perspective, direct access to the driving torques and state variables of the robot manipulator are very valuable, or even crucial, for algorithm evaluation and implementation of high-performance control schemes. Some robot products allow a modification of the system hardware in a rather simple manner, as was the case for the popular PUMA 560 robot [34] . That kind of low-level access is, however, generally not available in current commercial robot control systems.
Although it is possible to find very interesting developments related with design and implementation of platforms for rapid external sensor integration in industrial robot control systems [4] , [28] , [36] , this is a very complex task, as considerable knowledge about internal design and control unit architecture is required and this information is usually hidden and/or proprietary. For a recent overview, see also the workshop "Innovative Robot Control Architectures for Demanding (Research) Applications. How to Modify end Enhance Commercial Controllers" (ICRA'2010).
The IRB 140 industrial robot used in this application is a powerful and compact six axes machine, providing high acceleration, flexible assembly configuration, a large working space with 810 mm reach and mm repeatability. The JR3 force sensor amplifies and converts to a digital representation the force signals and the load torques. These signals are transmitted by means of a synchronous serial communication with 8 kHz frequency.
For common manufacturing operations, such as assembly and machining, force control is an available option including dedicated programming support. For testing applications that involve more generic motions specifications, however, there is no support for the programming and development of the application. To overcome that limitation, there is a need for exploring what can be done and in what way.
To that end, two different control architectures have been applied. The first one is based in the original S4CPlus robot controller with an ABB commercial software. In the second one, this controller has been modified by adding several hardware and software components.
The advantage of the first option lies in the fact that no knowledge about the robot low-level control architecture is required for the development of force control applications, as ABB commercial software allowing access to robot signals and variables is used.
The second option is a little more complex as it requires modifying the robot controller hardware, as described below. Nonetheless, it has the advantage of allowing a much higher frequency in the access to robot signals (4 ms), which is very convenient for the development of applications in which very short sample periods are required in order to establish the control. A more detailed study of these alternatives now follows.
A. Architecture Based on the Standard Controller
The first development of the force control application in this work is based on the WebWare SDK software. This ABB software is a set of powerful tools that simplifies communications between PC applications and ABB robot controllers, supporting 32-bit Windows applications created with either Microsoft Visual C , Visual Basic or Visual Studio 2005. The WebWare SDK interface consists of a set of OLE Custom Controls, known as ActiveX controls, which is a Microsoft standard utilized in visual programming environments.
With this software, a wide variety of robot based applications can be performed, e.g., robot state monitoring in a work plant, artificial vision object detection, automatic manipulation with robots, etc. The only significant restriction found in this environment consists in a communication frequency limitation of 200 ms between PC and robot controller, and there are no strict timing guarantees. The WebWare SDK is based on the ABB InterLink communication module, which creates, maintains, and tracks the status of the communications to the robots and notifies the application of any change in the communication via events and properties. In order to do this, it has a built-in polling engine that enables event-driven user applications.
The most important modules of Interlink are the following.
• The InterLink Module Configuration Utility, which allows the configuration of the working mode, enabling PC communications and controller and FTP file transfers.
• The InterLink Connection Manager, which allows and supervises the connections with client applications.
• The S4 RAP Interface implements the communications interface to the ABB S4 robot controller using the S4 robot application protocol (RAP). The software project is an ordinary Windows application that uses WebWare SDK ActiveX Custom Controls placed in the dialog forms. The use of these controls allows the implemented application to perform a wide variety of activities, namely obtaining, detecting, and changing the state of the robot I/O analog and digital signals automatically, getting the current position, work object and tool of the manipulator, reading or writing analog or digital signal values, RAPID bool, num, string type program variables, starting or stopping the execution of RAPID programs, etc.
The RAPID programming language consists of a set of instructions describing the robot task, allowing multitask modular programs consisting of procedures, functions and interrupt processing routines, arithmetic and logic expressions, automatic error handling, etc. (RAPID Reference Guide).
In order to establish the force control, a Visual C application has been implemented, which reads the 3D points constituting the robot trajectory, as well as the force to be applied. Sensor readings are obtained by the Np_Jr3x ActiveX control [29] . Starting from the information about reference position and force and the measure of the force that the robot is actually applying, the application calculates and sends the final position to which the robot must move. Fig. 2 shows the software architecture of the robot force control.
B. Architecture Based on Modified Embedded Control
The second control architecture applied for the development of the force control application requires some modifications in the hardware architecture of the original S4CPlus controller, which is based in a passive PCI bus in which the central processor card, the axis control processor, and the I/O processor are connected.
The central processor card is based on a Pentium 200 MHz MMX processor running the VxWorks real time operative system. Among other functions, this processor implements a trajectory generator and a dynamic interpolator. The former generates the (kinematic/geometric) robot trajectories every 24 ms. These trajectories are sent to the dynamic interpolator, so that it computes the motion references for each one of the robot joints every 4 ms.
The primary purpose of the axis processor is to control the position of the six robot joints, according to the references from the dynamic interpolator of the central processor and establishing the closed control loop with a frequency greater than 1 kHz, based on interpolated references from the main computer.
The description of the different tasks to be performed by the robot is implemented by means of RAPID programs. These tasks are processed by the trajectory generator and transformed into motion references for the low-level servo systems.
In order to establish a faster and more accurate force control, in this work an extension of the robot controller has been performed. In particular, two cards have been installed in the controller PCI bus. The first one is the Motorola Power-PC G4 PrPMC800 card, running the Linux operating system. The second one is the force sensor receiver card. This way, a feedback of the force being applied by the robot end effector on the environment when performing a predefined task can be established. Fig. 3 shows the applied control architecture. Fig. 4 shows more in detail the implementation of the external controller architecture developed in this work. The Power-PC card receives, through shared memory, the position and velocity references for the six robot axes from the S4CPlus main processor, as well as the force reference that the robot shall apply to the workpiece/environment. The actual force in the robot end effector is measured by the wrist mounted JR3 sensor. The specific force control algorithm is programmed in the "Force Controller" block. Finally, the new position and velocity references are computed and sent through shared memory to the axis processor of the S4CPlus controller, with a 4 ms sample period and with less 1 ms latency from sensed force to joint torque reactions. To keep the strict timing, the interrupts over the PCI bus is used together with running the force controller as a Linux kernel module.
There are several advantages provided by the proposed architecture. On the one hand, a very accurate force control can be established, therefore using 4 ms sample periods. On the other hand, as it is an open, flexible architecture, any force control algorithm can be implemented. Unlike existing commercial force control applications, the work developed in this paper provides an industrial platform of remarkable interest for the research in this field.
C. Force Control Strategies
In this work, different types of force controls strategies have been developed and used. The first type, is based in the explicit force control, which consists in following the force reference value using feedback (and feedforward if needed). Usually, the explicit control restricts to a linear control [35] , as is the case of the classical PID force controller in (1) . The effect of the tree parameters of a PID controller is well known and has been widely in the literature (for example, [2] . The integral term assures zero tracking error. The function of the derivative term is to damp the system. Nevertheless, the force control application has some specific problems that may require modifications of the classical PID controller. At first, in constrained motion the dynamics of the system depends on the characteristics of the environment. Basically, it means that the parameters of the controller must be tuned again for every application. Sometimes the characteristics of the environment are not known in advance. On the other hand, it may be demonstrated that the integral term can make the system unstable. A solution can be to use a force feedforward term instead of the integrator like in (2) . Another problem in force control is that the sensor has a high level of noise. That makes impossible to estimate the force derivative and thus to implement the derivative control action. For this reason, in order to damp the system it is common to use the velocity, that is, in the first approximation, equivalent to the force derivative. The resulting control law is given in (3) (1) (2) (3) where is the control action, the reference force, the actual interaction force between the robot and the environment, the velocity and , and the proportional, integral, derivative, and damping constant, respectively.
The second type of controller implemented in this work is based on the impedance control proposed by [19] . In this case, the purpose is not to follow a reference value, but to ensure a desired dynamical behavior of the system (which is known as mechanical impedance). A typical specified dynamics corresponds to a second-order spring-damper system determined by the following expression: (4) where , and are the mass, damping and stiffness parameters and the Laplace transform operator. These parameters determine the closed-loop system behavior with respect to contact force .
The description of the different methods for the implementation of the impedance control is out of the scope of this paper, but typically a combination of linear feedback and inverse dynamics, both described in [32] . An interesting alternative is proposed by Lu and Goldenberg [24] , where sliding control is established.
Finally, as further described in Section IV, the code generation for the implementation of the force controllers can be directly performed from Simulink block diagrams, which considerably simplifies controller development.
III. ACQUISITION OF HUMAN MOVEMENTS ON CAR SEATS
The force control architectures presented in Section II constitute the core of the application developed in order to analyze the dynamic response in car seats. Therefore, first of all the movements performed by humans when sitting on or standing up from the seat are simulated. By means of the established force control, not only the movements of the passenger are reproduced, but also the effects on the seat can be recreated, with proper forces even in the case of variations in individual seat compliance or geometry.
Such recreation of the movement would be performed by connecting the robot end to a standard dummy as defined by SAE [31] or ISO [21] . In that kind of dummies, thighs and pelvis constitute a rigid block that imitates the lower surface of a seated person's legs (see Fig. 14) . This piece is 400 mm wide, and the dimensions of its profile and the point of connection with the robot end are defined from the reference "H-point" that determines the theoretical position of the hip joint centre, as represented in Fig. 5 . In its neutral position, the dummy is tilted 18.3 upwards.
In order to develop this experimental test bench, the movements performed by passengers sitting on or standing up from the seat in an actual car have first been acquired. That data acquisition was done with a four-camera photogrammetry system and a pressure mat, with a time resolution of 20 Hz. The interior of the car was calibrated through a rigid frame of 18 markers with known relative positions, and the position of the pressure mat in the calibrated space was determined by placing markers on the centre and the sides of the mat before the measurements.
As the cameras were placed outside the car, the vertical movement of the calibrated interior due to shock absorbers action in the ingress and egress movements had to be removed. This was done by subtracting the movement of a marker fixed to the car frame, which moved rigidly with the interior structure of the vehicle; the position measurement of this external marker was calibrated separately.
The movements of each one of the legs were simultaneously acquired by means of three reflective markers. The pelvis was likewise defined by six markers, two of which were placed on the anterior superior iliac spine (ASIS) landmarks (Fig. 6 ).
Using the position in which the passenger is fully seated as a reference position (see Fig. 8 ), the positions of each leg and the pelvis were defined at every instant as the rotations and translations (six dof per body) that, applied to each set of markers, better reproduced the change of position. A computation method based on the spatial displacement principles of rigid bodies was used for this purpose [3] . This procedure provided a description of human body movements with 18 dof. However, this was more complex than what can be reproduced using a 6-axes robot and a standard dummy as described above.
Hence, a simplified movement, with only 6 dof, should be defined reproducing as adequately as possible the observed human movement. This simplified movement was determined by computing a translation and a rotation, as described next (see Fig. 7 for a scheme of this procedure).
The translation of the body was defined as the movement of a reference point: the "H-point" between the hips, which is a standard reference in automobile industry, and is well defined in normalized dummies. The H-point movement was calculated as follows.
1) First, some anatomical landmarks of pelvis in seated posture were detected in the calibrated space: the ischial tuberosities (IT) position was defined from the local maxima of the pressure map, and the markers P1 and P3 directly yielded the position of the ASIS. From those landmarks, the H-point position could be computed by an anatomic model [5] . 2) Pelvic markers (P1-P6) defined a reference seated position of the pelvis, and its rigid displacement (6 dof) from that position in every other instant.
3) The continuous position of the H-point was calculated by applying the rigid movement of pelvis to its position in the seated posture, assuming that the H-point is solid to the pelvis.
Once the position of the H-point is known, the rotation of the dummy determines how the contact surface is oriented with respect to it. In the lower module of the dummy, the contact surface mostly represents the contour of the legs; hence the orientation of the legs was used to define the rotation of the dummy.
The main drawback consists of that relative movement between the legs, which could not be performed by the dummy. Two solutions were tested in order to remove this relative movement. The first one (marked with "(a)" in Fig. 7 ) was defining an "intermediate" rotation between the two ones observed for each one of the legs. This is equivalent to applying the spatial displacement computation method to the six markers in the legs as a set, as if they were part of the same rigid body, and assuming that the relative movements between the markers were due to symmetric deformation that were rejected in the analysis.
In the application performed with the robot, it was observed that with this solution, the dummy had an excessive inclination when contacting the seat and the movement was incompatible with the physical constraints of the seat.
The second solution, which was in fact compatible, consisted in applying the rotation measured for the right leg only, which was kept longer in contact with the seat when the test persons entered the car through the left door.
Finally, the mechanical actuator of the robot can only apply the force in the connection point of the dummy, so it was also necessary to simplify the information registered by the pressure mat to a force vector. This force vector was defined by means of a spatial integration of the pressure map, hence resulting in a force in the normal direction to the seat. According to the rotation of the dummy, the force to be applied in its local axis was determined so that the normal component was equal to the computed one. The resultant pressure distribution could not be the same as the observed one, but the applied normal force was the same, and the region in which the pressures are applied was similar, due to the fact that the position and orientation of the dummy was similar to the position and orientation of the legs.
The resultant movements and force data were represented as translation vectors ( , Euler angles , and normal forces . The objective of the experiment was to define an average profile of these variables. Although there may be an important variability of movements across subjects, a great part of that variability would be obliterated by our reducing the dof, so that the rotation and translation of the lower body would chiefly depend on geometric constraints and people's size, as observed in upper trunk patterns in the ingress/egress movements [15] . In order to gather a representative average, three participants were chosen according to their anthropometry, so that they approximately represented the 5th, 50th, and 95th percentiles of European population sizes [27] . Their anthropometry is described in Table I .
Three repetitions of the movement were recorded for each test person, resulting in a total of nine measurements. Each repetition of the movement in the experiments was performed at a different velocity, and its duration was different. This posed a challenge to their being compared and analyzed, since each recording would have a different time base. This problem was solved by a method of time normalization [26] , in which the independent variable of the functions was transformed into a common basis , so that after the normalization all the measurements had the same time scale. This process diverted from a simple interpolation, in that the transformation of was not linear, but the time intervals were locally shrank or stretched, so that the "shape" of the family of functions was similar, i.e., the local maxima and minima were aligned in the new common time scale . This provided an advanced way of comparing time functions, that permitted to obtain averages, envelopes, etc., in the form of time functions themselves, unlike traditional methods in which to compare functions they must be parametrized as scalar averages, peak values, etc.
The functional mean of the time-normalized variables was calculated as in (5) , and used to define the movements that reproduced by the robot (5) The variability of the movements around that average are graphically represented in Figs. 9 and 10 , where the solid lines correspond to the functional means of the measurements (the trajectory followed by the robot), and the dashed lines correspond to the envelopes of the measurements. The lower limit is the functional 5th percentile, and the upper limit is the functional 95th percentile.
In Fig. 9 , the evolution of the orientation for both the ingress (left) and egress (right) movements can be seen, where , and are the Euler angles corresponding to rotations about the , and axes, respectively. Analogously, Fig. 10 shows the evolution of the H-point position for the ingress and egress movements with respect to the , and axes. A measure of this model's reliability is its deviation from the original human data. As the model is based on the functional means, its reliability is determined by the functional standard deviations, , which are defined in (6)
They represent the average width of the curves envelope, represented by the dashed lines in Figs. 9 and 10 . Table II provides numeric information of that measure; it shows the averages along the timeline of the functional standard deviation. In order to obtain forces as the observed ones, it is necessary to correct the computed positions. It must be taken into consideration that, during the contact, the soft materials of the human body and the seat are compressed, hence yielding to a variation in the distance between the H-point and the surface of the legs. This does not take place in a rigid dummy and, when attempting to place its H-point in the same position as in the human body, the deformation caused in the seat could be excessive and quite different from the observed one.
In order to perform this correction, it is necessary to obtain the load-displacement calibration curve of the seat. This curve defines how much force must be applied on a quilted mass (the seat) such that it compresses by a certain distance, and thereby also can be used in the opposite direction to know how much the rigid dummy must "penetrate" the quilted surface in order to apply the desired force. This measure is used to correct the H-point position in the normal direction to the seat. The calibration curve can be obtained by means of the UNE-EN 1957 procedure (house furnishings; beds, mattresses, test methods for the functional feature determination).
In the tests, a 355 mm circular indentor was used. It was placed on the seat to be analyzed using a pneumatic cylinder which provided a load from 5.3 to 55.3 kg. Those loads were within the range of the forces measured on the seat, which had a maximum value of 542 N (55.2 kg). The displacement caused by each load was measured by a laser device with 1 mm precision. Fig. 11 shows the calibration curves obtained for three repeated tests.
Summarizing, 3D trajectories and forces to be applied on a normalized dummy have been defined to simulate the ingress and egress movements of car passengers. Forces have been computed making the normal projection to the seat equal to the sum of pressures observed at each time. Trajectories are based on the position of the H-point in the human body (reconstructed by means of anatomical models) and on the orientation of the legs. Nevertheless, the rotation of the two legs had to be simplified, rejecting the relative movement between both legs, and the H-point position should be corrected in order that the obtained force is equivalent to the observed one, depending on the seat compressibility, separately tested. Results in different tests with voluntaries varied according to anthropometry and each individual's personal way to move. As representative movements and forces functional measures were computed.
IV. TEST BENCH DEVELOPMENT FOR THE ANALYSIS OF THE MECHANICAL RESPONSE IN CAR SEATS
Once the force control architecture and the human movement measurements are available, the development of the application could be performed. The application reproduces the ingress and egress movement of a passenger, also controlling the force applied onto the seat. In Fig. 12 , a general scheme of the whole process, from the human measurements to the robot force control application, is shown.
In order that the robot can apply the required force, a dummy prototype was developed, which reproduces the dimensions of the seat device SAE J-826 with H-point H [31] and is a normalized dummy used in multiple industrial applications as a model for studying design ergonomics, endurance, deformation, and wearing tests, etc.
As described in Section III, starting from the filmings of the photogrammetry system, the passenger ingress and egress movements and, by means of a sensor mat, also the forces applied on the seat were obtained.
Starting from a functional mean from previous experiments performed by human voluntaries, the position and orientation to be taken by the dummy at each trajectory point was obtained. This information, together with the time and force to be applied, is saved to a reference file which is used by the developed force control application.
In order to develop this application, the two architectures described in Section II have been used: the architecture based on the robot original controller and an open architecture. This allows not only to have a force control test bench, but also to analyze the most relevant properties and features for both solutions according to the following.
A. Application Based on the Standard Controller
For the solution based on the original architecture and the WebWare SDK software, a Visual C application and a RAPID program have been implemented. The former is run on a PC with the JR3 force sensor receiver card installed, while the latter is run on the robot controller, and a TCP-IP communication is established between both of them.
The developed Visual C application establishes the control of the force to be applied on the dummy. Therefore, in first place the reference file with the 3D trajectory points and the force to be applied must be read. The orientation at each point is expressed with Euler angles as rotations around the , , axes. As the robot used in the test bench works with quaternions, the corresponding conversion was applied.
From the reference position and orientation of the trajectory, the application calculates an offset from the robot reference position ensuring that the required force is being applied. The position offset is obtained starting from the expression for the PD explicit controller with force feedforward in (2) and is sent periodically every 200 ms to the RAPID program.
For the implementation of the force controller the and constants are used. Their tuning depends, among other factors, on the system stiffness and is currently performed by an ad hoc procedure until an adequate system response is obtained.
The implementation of a complementary RAPID program is also necessary for this application. That program specifies the movements to be performed by the robot at each time, which depends on the positions and orientations received from the Visual C++ application. In the RAPID program, a tool and a work object coordinate system are used for the dummy and the seat, respectively.
During the robot motion, both the actual position and orientation of the dummy and the actual force applied are periodically saved to a file together with the time corresponding to each measure. Communications with the robot controller and the force sensor take place by means of ActiveX controls, which simplifies and considerably reduces the amount of code necessary to call the required functions.
B. Architecture Based on Modified Embedded Control
The second application developed is based on the controller open architecture described in Section II-B. In this case, basically a RAPID program must be implemented describing a sequence where and when the movements and forces to be applied are specified. Also, the required force control algorithm must be implemented. This algorithm is run on the Power-PC card (running Linux), which is connected to the PCI bus of the S4CPlus controller.
As in the previous application, the RAPID program reads positions and forces from a reference file generated, as described in Section III. Thanks to the developed open architecture, the set of RAPID commands has been extended, so that now new instructions are available in order to directly specify the force to be applied at the robot end effector.
The controller is implemented and run on the Power-PC card, using shared memory in order to get information from the robot controller main processor. Starting from the force reference specified in the RAPID program and the measures provided by the JR3 force sensor, the force controller calculates the corrected position references to which the robot must move. These positions and consistently calculated velocity references are computed every 4 ms and are sent, also via shared memory, to the low-level joint servos in the S4CPlus axis processor.
For the development of the force controllers, Simulink schemes have been used in this application. Therefore, the Matlab Real-Time Workshop (RTW) library has been used, which produces code directly from Simulink models and automatically generates programs that can be run in environments like Linux, VxWorks, DOS and Windows, and in our case in the embedded Linux using our own back-end.
In these Simulink schemes used for the automatic generation of the force control there are input ports that provide the reference positions, velocities, accelerations and forces from the robot controller main processor. The force control is established from the reference force and the information provided by the force sensor (previously converted in tool coordinates). Support to state machines via Mathworks/StateFlow-Toolbox has been added to allow for fast sequenced switching also on this level.
For the force controller, a mechanical impedance controller was implemented, based on the expression in (4). As described in Section II, in this controller constants , and defining the desired system mechanical impedance must be specified. The tuning of these constants depends on the stiffness and behavior desired for the system (damping in the system response, settling time, etc.). As for the PD controller with force feedforward in the first implementation, an experimental tuning with respect to the average environmental stiffness is made. Due to the fast sampling and low latency, a much higher bandwidth for the closed loop system can be reached for platform B.
It is necessary to take into account that the force control is established in the Cartesian space. Therefore, in order to obtain the modified reference velocities and positions allowing the specified reference forces to be applied, it is necessary to use the inverse Jacobian, which allows obtaining joint velocities starting from Cartesian velocities at the robot end effector.
Finally, the new references for joint position and velocity are sent to the axis processor of the S4CPlus controller by means of the output ports.
Figs. 13 and 14 show a part of the experimental platform consisting of an industrial robot arm provided with a force sensor and the dummy used to apply the force on the seat, respectively.
In Figs. 15-17 , an example of data measured during a part of the defined trajectory is shown. The control architecture used is based on modified embedded control, and the trajectory consists of "sitting" the dummy on four different points of the seat. Fig. 15 shows the force applied by the robot in the axis of the dummy when it "sits down" on the car seat, which correspond with the torso line according to the definition of the corre- sponding norm [31] . As can be observed, after a short period of time, the force reaches the specified reference ( N). Fig. 16 shows the coordinate of the robot position. At each position, the coordinate is different due to the fact that the firmness is also different at each position on the seat, hence being necessary of a different pressure depth at each point in order to apply the same force. Fig. 17 represents the six robot motors control torques. It may be observed in the figure that the second and the third joint torques are those who vary the most. This is due to two facts: the motion and the gravity. These are the joints that have to achieve more displacement in order to obtain the almost vertical motion of the end effector. Also, due to the robot configuration, these are the only joints affected importantly by the gravity forces.
The fact that this force controller provides so much better performance, while being reasonable to implement and possibly a future part of the standards controller, we are now ready to draw conclusions.
V. CONCLUSION
In this work, a force control application has been presented in which an ABB industrial robot provided with a six dof force sensor has been used. With this application, a test platform has been developed that allows determining the mechanical response in car seats during ingress and egress of a passenger. Thanks to the developed test bench, it is possible to analyze the seat firmness and upholstery wearing.
The two control architectures applied in this work have been shown. The one based on the WebWare SDK software has the main advantage of being commercial software and, hence, can be used for application development with any ABB industrial robot without hardware additions. With the second shown control architecture, as it is an open architecture allowing access to the robot state variables (position, velocity, acceleration, forces, and torques, etc.), much more complex motion and/or force controllers can be implemented, with 4 ms sample periods (far shorter than with the first architecture).
The main drawback of the second/enhanced controller is the fact that it is not a trivial task to perform all necessary modifications in the S4CPlus robot controller, as very low-level knowledge of the system is required. However, by solving this type of application in a high-performance manner, the solution also comprises a reference implementation for a possible productization and has possibility to in a flexible integrate combined external sensor signals in a way the current industrial products do not offer. If natively implemented in the product, with appropriate user interfaces as for assembly and machining, the second solution is the clear choice.
The overall conclusion is that robots have an important future role to play in automated testing of appliances with variations in geometry and of fabrics, in particular when realistic emulation of human usage is desirable.
